ABSTRACT: Viral lysis of bacteria has been suggested to be a quantitatively important process in the removal of bacteria, and potentially also in the production of DOC, in the ocean. In order to investigate the quantitative role of viruses in the pelagic microbial ecosystem, a die1 study was undertaken, comprising measurements of particulate and dissolved primary production, bactenal production, bacterial grazing by flagellates, bacterial lysis by viruses, and production of viruses. Estimates of algal excretion (4.7 pm01 C 1-' d-I) and bacterial carbon consumption (3.0 pm01 C I-' d-l) were in reasonable balance. Predation (2.9 pm01 C 1-' d-l) exceeded bacterial production (1.5 pm01 C 1-' d-l) estimates by a factor of 2. Major difficulties in balancing the budget emerged however, from the estimates of vual lysis of bacteria (9.2 pm01 C I-' d-l), which exceeded bacterial production by a factor of 6. Despite these problems, results support the idea that viral lysis may b e a quantitatively significant process that needs to b e incorporated into budgets of microbial C-transfer.
INTRODUCTION
Several observations reported in the recent literature suggest directly or indirectly that viral lysis may be a process that influences the carbon flow through the pelagic microbial ecosystem in a quantitatively significant way. These observations include the high numbers of viruses (Bergh et al. 1989) , combined with rapid fluctuations in these numbers in the productive season ; the high frequency of cells containing recognizable viral particles (Proctor & Fuhrman 1990) , and the rapid decay of free viruses (Heldal & Bratbak 1991) . For bacteriophage production, the main alteration of the C-flow would be expected to be a diversion of part of the bacterial production from the predator pathway, recycling parts of the organic material back to the pool of dissolved organic carbon, either.directly, or through the decay of the free viral particles (Fig. 1) .
With the development of methods in aquatic microbiology that has taken place in recent years, it has become possible to estimate the carbon flow from primary production, through bacteria, to bacterial predators. By combining measurements of viral decay rate with numbers of viruses and with burst size estimates Author for correspondence from electron microscopy observation of phage-producing bacteria, carbon flow in the 'viral loop' created by production of DOC from viral lysis of the bacteria can be incorporated into such budgets. The work presented here constitutes, to our knowledge, the first Assuming that only a minor fraction of the viruses are successful in new infections, or adsorbing to larger particles, the virus production is also returned to the pool of DOC attempt to determine experimentally a complete budget of this kind. Budgeting of element flows in the marine environment is inherently difficult due to the drifting of water masses in combination with potential imbalances in the food chain on short and long time scales. To overcome some of these difficulties, the system was studied through a diel cycle as part of a mesocosm experiment in Aarhus Bay, Denmark, in May 1991.
METHODS
General description of mesocosms. Enclosure experiments were c a m e d out in Knebel Vig in May 1991. Knebel Vig is a small embayment of the east coast of Ka10 Vig, which is part of the Bay of Arhus. Knebel Vig has a maximum depth of 16 m and a suridce area ul 37 i(11i2 (see also Nybroe et al. 1992 ). The bag used in the experiment reported here was one of 6 transparent, cylindrical plastic enclosures (1.5 m in diameter and 4 m deep). These were filled with seawater on 10 May 1991 by pulling the top part of submerged enclosures towards the water surface. The enclosures were closed just above the sediment surface and fixed to a pontoon bridge. The water was kept in circulation by wind-driven mills. The diel experiment reported here was performed from 10:OO h on 22 May.
Water samples were taken at 2 h intervals. Samples from 3 depths (10 cm below the surface, 1, and 2.5 m) were pooled before use in 5 l plastic bottles. The samples were brought back to the laboratory within 30 min of sampling.
Viruses. Samples for counting and sizing of viruses (100 ml) were preserved with 1 % glutaraldehyde (final concentration). Virus and bacteria were harvested onto electron microscope grids by centrifugation and counted in the transmission electron microscope as previously described , Berrsheim et al. 1990 ).
The viral decay, i.e, decrease in viral concentration over time, was recorded after inhibiting production of new viruses by adding KCN to a final concentration of 2 mm01 1-' as described by Heldal & Bratbak (1991) . The pH of the KCN stock solution was adjusted to 8.5. Samples (100 ml) for counting of viruses were withdrawn at 1 h intervals and preserved with 1 % glutaraldehyde. Viruses were counted as described above. The viral decay rate was calculated from the initial loglinear part of the decay curves using linear regression.
The frequency of bacteria contaming mature phage particles and the number of phages released from the bacteria was determined after lysing the bacteria from without with streptomycin (Heldal & Bratbak 1991) . Water samples (100 ml) were incubated with 0.3 O/ O w/v streptomycin (Sigma No S-6501) for 1 h and then preserved with 1 % glutaraldehyde. Bacteria and viruses were harvested onto grids and counted in the electron microscope as described above.
Bacterial biomass and production. The number of bacteria was determined using the standard acridine orange direct count method (Hobbie et al. 1977) . Cell volumes were estimated from measurements of cell dimensions from magnified black and white photographs (Fuhrman 1981 , Lee & Fuhrman 1987 . Four pictures were taken from each filter, and a total of 100 cells were measured from each filter.
Bacterial net production was measured by means of 3H-thymidine incorporation (Fuhrman & Azam 1980) . Samples of 5 m1 were incubated in situ for 20 to 30 min using 12.5 nmol 1-' 3H-thymidine (20 pCi nmol-'; Dupont, NEN Research Products, Boston, MA, USA). Blanks were prepared from samples with formalin added (1 O/ O in final solution) immediately before the additioil of 31i-thymidine. After incubation, saixples were filtered through 0.45 pm pore-sized filters (Sartorius, cellulose nitrate, 25 mm diam.) and washed thoroughly with ice-cold TCA. Ten m1 scintillation cocktail (Ultima Gold, Packard) was added, and the filters were counted after 24 h storage in a scintillation counter (Rack-Beta, LKB Instruments Inc., Rockville, MD, USA). To calculate cell production from incorporation of 3H-thymidine, a conversion factor of 1.1 X 10'' cells mol-l thymidine incorporated into TCA precipitate (Riemann e t al. 1987 ) was used.
Phytoplankton primary production. A l l bottle was incubated in situ (0.5 m below the surface) with 40 pCi NaH14C03 (The International Agency for "C-Determination, Hsrsholm, Denmark). At each sampling, 25 m1 subsamples were filtered through at 20 pm mesh net, followed by a 2 Fim Nuclepore filter and a 0.45 pm Sartorius membrane filter. A subsample of 10 m1 was assayed for total primary production by means of a modification of the acidification and bubbling procedure (Schindler et al. 1972 , Riemann & Jensen 1991 . Instead of bubbling, the acidified samples were stored open for 24 h (Riemann & Jensen 1991) . The filters were treated with fuming HCl for 5 min. Filters were dissolved in 10 m1 Filter Count (Packard), and counted in a scintillation counter (Rack-Beta, LKB Vallac). The standardization (i.e. radioactivity per m1 or ampoule) was compiled as described by Ursin & Bresta (1980) . Phytoplankton carbon biomass. Duplicate samples were filtered onto 25 mm Whatman GF/C filters and extracted in 96 % ethanol for 20 h without homogenization (Jespersen & Christoffersen 1987) . The pigment extracts were measured spectrophotometncally without correction for degradation products. A specific absorption coefficient of 83.4 g-' 1 cm-' for chlorophyll a was applied (Wintermans & DeMots 1965) . A phytoplankton carbon-to-chlorophyll ratio of 30 was applied.
Flagellate grazing on bacteria. Grazing by heterotrophic flagellates on bacteria was measured by means of a fluorescence staining method (Sherr et al. 1987) . Fluorescently labeled bacteria (FLB) were prepared from the population of natural bacteria at the experimental site concentrated by tangential flow equipment (Minitan, Millipore). The fraction between 0.1 and 0.8 pm net pore size was stained with DTAF and frozen. In order to maintain the actual particle concentration, addition of the labeled bacteria was kept at 5 to 15 % of the number of bacteria in the samples. Following incubation in situ for 15 to 20 min, the samples were immediately fixed in 0.5 % Lugol's solution and 3 % formaldehyde, filtered onto 0.8 pm black Nuclepore filters, and stored at + 2 "C. The food vacuoles of 40 to 75 heterotrophic flagellates were examined for content of FLB using an epifluorescence microscope. Grazing rates were based on ingestion of natural bacteria, picoalgae, and heterotrophic flagellates.
Flagellate carbon biomass. Autotrophic and heterotrophic flagellates were enumerated from proflavinestained preparations by epifluorescence microscopy (Haas 1982) . Discrimination between autotrophic and heterotrophic flagellates was carried out by switching between blue and green excitation (for further details see Bjnrnsen et al. 1988) . Cell volumes were measured in the microscope from a subset of 3200 cells distributed over the entire data set. Biovolumes were converted to carbon biomasses by multiplying by 0.12 pgC pm-3
RESULTS
The most marked diel variation was observed in the prlmary production of partic'ulate and dissolved material ( Fig. 2A) . Production of dissolved organic material was particularly pronounced in the evening. Summed primary production was in the range 0.5 to 1.4 pm01 C 1-' h-' in the light period.
Bacterial production estimates from thymidine incorporation (Fig. 2B ) also fluctuated with a maximum value at midday of 0.15 pm01 C 1-' h-' (about 15 O/ O of the summed primary production), and a minimum during early morning of 0.02 pm01 C 1-' h-'. Bacterivory accounted for a removal of about 0.13 pm01 C 1-' h-' during the night and morning, possibly with slightly lower values in the afternoon (Fig. 2C) . The maximum in bacterial production estimates from thymidine was thus con~parable in magnitude to the estimated level of bacterivory. For the whole diel cycle, estimated predation (2.9 pm01 C 1-' d-l) exceeded the thymidine-based estimate of bacterial production (1.5 pm01 C 1-' d-l) by a factor of 1.9. Using the measured flagellate volumes (13 to 22 pm3) and multiplying by a theoretical clear- ance capacity of 105 body volumes h-' (Fenchel 1982) , an estimate of 2.4 to 7.2 pm01 C 1-' d-' is obtained, lending support to the experimentally obtained magnitude of bacterivory. Between 12 and 29 % of the bacteria were found to be in a virus-producing state with a die1 variation characterized by high values in the afternoon and a minimum around midnight (Fig. 3A) . The number of free viral particles started around 5 X 107 ml-', and showed a slightly increasing trend through the experiment. Decay rates of viruses (Fig. 3C) were, except for one high and one low measurement in the afternoon, found to be in the range 0.3 to 0.4 h-' for 30 % of the virus population, the rest decaying more slowly (Fig. 4) . To obtain a low estimate of carbon flow due to lysis of bacteria, only the rapidly decaying '/3 of the viral population is included in the rate calculations. With a mean total population of 7.1 X 10' viruses ml-l, and a decay rate of 0.3 h-', a phage production of about 0.7 X 10' ml-' h-' is required to maintain equilibrium. Inspection of virus-producing bacteria (examples are shown in Fig.5 ), led to a high estimate of the burst size: 100 phages produced per lysed bacterium. This implies a low estimate of bacterial loss of about 0.7 X 105 ml-' h-' or 1.7 X 106 ml-' d-l. With a mean of 2.4 X 106 bacteria ml-l estimated from fluorescence microscopy, this corresponds to a removal of 72 % of the bacterial population by viral lysis d-l. From epifluorescence microscopy, bacterial mean volume was estimated to 0.187 pm3. With a conversion factor from volume to carbon of 350 fgC pm-3 (Lee & Fuhrman 1987 ) this corresponds to a carbon flow from lysed bacteria of 9.2 ymol C l-' d-l. To obtain a minimum eshmate of carbon flux, the viral particles produced are assumed to be part of this 9.2 pm01 C 1-' d-' The estimated loss of carbon from the bacterial pool caused by viral lysis thus exceeds the thyrnidine-based bacterial production estimate (1.5 pm01 C 1-' d-l) by a factor of 6.1. From a mean size of viral particles of 60 nm, a density of 1.4 (Laskin & Lechevalier 1973) and an assumed carbon content of 50 % , the production of viral particles amounts to 1.1 limol C 1-' d-l, and the standing stock of vlruses to 0.5 blmol C I-'.
Assuming that only a minor fraction of the viruses produced eventually infects a new host, the major part of the material produced by bacterial lysis would be returned to the pool of organic material potentially 
DISCUSSION
There is a discrepancy by a factor of nearly 8 between the production and the loss estimates for bacteria, with viral lysis as the dominating loss term. A corresponding net loss was not observed in the standing stock of bacteria through the diel cycle (Fig. 2D) .
W h~l e the budget strongly suggests that viruses can be quantitatively important in the microbial cycling of matter, satisfactory conclusions cannot be drawn with the present imbalances in the calculated budget. Considering the short history of field application of the methods related to the viral loop, one would suspect that the cause for the imbalance is to b e found in a n overestimation of the lysis rate. The critical components in the estimation of this rate are (1) the viral decay rate, (2) the number of free viruses, and (3) the burst size.
Errors in conversion factors relating to estimation of the carbon content per bacterial cell will affect the thymidine production estimates and lysis rates proportionally, and not change their relative magnitude, unless one is willing to accept the possibility of a smaller carbon content per cell in virus-producing bacteria. Although the use of cyanide to stop virus production is a well-established technique in laboratory studies (Doermann 1952) , the theoretical possibility remains that the unknown virus types in the marine environment may degrade faster under the influence of cyanide. Previous control experiments where the bacteria were removed by centrifugation did, however, result in decay rates not significantly different from those obtained with cyanide (Heldal & Bratbak 1991) . The number of viruses is at present based on the visual recognition of 'virus'-like particles in transmission electron micrographs. This implies an element of subjectiv-ity, which will have particularly serious consequences if the classification as viruses of the rapidly decaylng subpopulation of particles should be wrong. With the techniques presently available, this element of subjectivity seems to be unavoidable. For the burst size, numbers were estimated from transmission electron micrographs showing recognizable virus particles inside or closely associated with bacteria. With the potential error arising if some of the viruses were covered, not developed to a stage where they could be recognized, or had escaped from the bacterial cell, we have used what we consider a high estimate of 100 viruses produced per bacterial cell lysed. A high estimate of burst size corresponds to a low estimate of the number of bacteria lysing. A factor of 6 wrong may seem difficult to accept for any single one of the factors involved. Errors of a factor 2 in each of the 3 involved numbers (decay rate, virus numbers, or burst size) cdnnot, iioweve~', be compieiely eliminated. Even if all of these hypothetical errors should affect the result in the same direction, the combined loss to predation and viral lysis would still exceed the bacterial production estimates.
Thymidine-based estimation of bacterial production is by now a well-established technique (lbemann h Bell 1990), and large discrepancies in the budget are not expected to be caused by errors in this estimate. With the exception of some work aimed at establishing lysis rates (Servais et al. 1985) , the concept of viral DNAproduction in the bacterial population has not, however, usually been incorporated into investigations applying the thymidine method. A theoretical possibility therefore remains that the experimental calibration curves for conversion of thymidine incorporation to cell production produce a conversion factor directly to net production of bacterial cells. This could occur because a production of bacterial cells balanced by viral lysis would not be reflected in increased bacterial cell numbers. Some reports also indicate that DNA synthesis may b e substantially higher than indicated by the incorporation of radioactive thymidine into DNA (Jeffrey & Paul 1988 , Bloem et al. 1989 .
In a bag experiment, the possibility of wall effects will always be present. Our budget could therefore in theory be balanced by assuming that a large part of the viral loss rate in the water is balanced by production of viruses from bacteria attached to the walls of the bag If this was the case, one would expect a low frequency of virus-producing bacteria in the samples taken from the water column. In this experiment, however, up to 30 ' 10 of the bactenal population was in a recognizable state of virus production. With our estimated burst size of 100 and a bacterial population of 2.4 X 106 ml-l, the number of virus-producing bacteria in the water mass is sufficient to account for the required virus production of 0.7 X 10' viruses ml-' h-' if the duration of the phase in which internal viruses can be recognized lasts for 11 h or less. We have used a high estimate of burst size. If the estimate of burst size is halved, the maximum duration of the phase for which internal viruses are recognizable is halved to 5.6 h.
Due to the assumed recycling to DOC of all material entering the viral loop, the budget discrepancies a t the bacterial level also occur at the level of the DOC pool (Fig. 6) . With removal of DOC from thymidine-based bacterial production and an assumed growth efficiency of 50 %, input to the DOC pool exceeds removal, even in the simplified flow diagram where DOC production by other sources in the food web are not included. If one roughly estimates that as much as 20°/0 of the particulate primary production returns to the DOC pool from sources in the predator food chain such as egestion and sloppy feeding, this would give an additional inpiii of approxin~ately 0.7 pm01 C l-' 2-' to the 3 C C pool, still leaving the input from the viral loop as the dominant term. Compared directly to the estimates of primary production (Fig. G ) , the estimated flow of material in the viral !oop is high: 87 96 of the sum of particulate and dissolved primary production.
From the budget considerations, the estimates of activity in the viral loop obtained by applying the techniques to a natural system may seem too high. While this application of these methods is new and experience is laclung, the estimates are to a large extent based on microscopic examination of fixed samples, i.e. samples not subject to the multitude of potential artifacts produced during incubation. One may therefore argue that the results are probably fairly robust. The only number relying on incubation is the viral decay rate. As one hypothetical confinement error, one could consider adsorption of viruses to the walls of the 1 1 (5 cm radius) incubation bottles. Brownian displacement of viruses is, however, in the order of 0.12 to 0.4 mm h-' (Bitton 1980) . If, as a high estimate, all viruses in the outer 0.4 mm are assumed to adsorb to the wall in 1 h, a disappearance rate from the aqueous phase of 0.02 h-' can be estimated. Wall adsorption is thus not a likely cause for the rapid disappearance of viruses observed in the decay experiments. The stable virus population in bottles without KCN treatment observed by Heldal & Bratbak (1991) also indicates that wall adsorption is not a major factor
To approach an understanding of the mechanisms governing bacterial viruses in natural waters, it is probably important to consider the difference between lytic and temperate phages. Proliferation of lytic viruses depends on the host cell concentration and these viruses may therefore play their most important role during blooms when the host cell concentration is relatively high. However, most phages found in natural aquatic environments are presumably temperate since more than 90 O/O of all known bacteriophages are temperate (Freifelder 1987) . The production of new viral particles in natural waters will thus depend on induction of virus production in lysogenic host cells. Lysogenic cells are immune against the virus they carry and mass mortality due to temperate viruses can therefore only be due to mass induction of virus production in a lysogenic population. A third possibility may be that temperate viruses by mutation may be a source of lytic forms (Lillehaug et al. 1991) . The probability of a mutation arising is related to the number (not necessarily the concentration) of host cells involved, while the proliferation of this mutant is related to the concentration of host cells.
Our working hypothesis is that virus production in natural waters is due to induction in lysogenic bacteria. Virus production will thus not depend on infection and host cell concentration. Virus production is speciesspecific and mass mortality of one bacterial species may leave room for another species. Virus production may accordingly result in a shift in species composition without any observable change in total bacterial concentration. This is perhaps the major difference between viral control and grazing control of a bacterial community: viruses are species-specific and affect community composition while bactenvonc protozoa are particle-size-specific and affect the total concentration of bacteria.
As a general conclusion, no clear resolution of the budget discrepancies is as yet available. We have, on the other hand, not been able to identify obvious candidates for errors causing serious overestimation of carbon flux in the viral loop, and postulate that activity in the viral loop is of quantitative importance in the microbial food web.
